ABSTRACT
Membrane proteins represent ∼30% of the expression products of the genes predicted from genome sequencing (Wallin and Von Heijne, 1998) . They are responsible for maintaining the homeostasis and responsiveness of cells by mediating a wide range of fundamental biological processes, such as cell signalling, cellcell communication, cell recognition, cell adhesion and transport of membrane-impermeable molecules. The important function of transport of membrane-impermeable molecules is performed by transmembrane proteins acting as channels that can be selective to a variety of different molecules, from small neutral ones like water or glycerol, to ions like Na + , K + or Cl − , to large molecules such as proteins. The features of these channel proteins are finely tuned to guarantee their optimal selectivity. For instance, aquaporins exclude protons during water transport so that the ion gradient between the cytoplasm and the extracellular environment, which is crucial to the cell survival, is retained (Gonen and Walz, 2006) . In addition, some families of transmembrane channel proteins, such as transient receptor potential channels (Ramsey et al., 2006) and aquaporins (Gonen and Walz, 2006) , have undergone many duplications, and can be consequently grouped into several subfamilies with specific transport functions.
Nowadays several dozen experimental atomic structures are available at good resolution, that are representative of different families and subfamilies of membrane channel proteins (http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html), and more are expected to be determined in the near future, since new methods addressing the challenges in the expression, solubilization and crystallization of membrane proteins are being rapidly developed (Doerr, 2009 ). This newfound wealth of atomic * To whom correspondence should be addressed. transmembrane 3D structures, as well as the 3D models that can be derived from them by knowledge-based prediction techniques, represent a valuable resource to better understand the structurefunction relationships in families and subfamilies of transmembrane channel proteins, and to eventually predict their selectivity. It is therefore of timely interest to develop new programmes and tools able to automatically derive useful descriptors of channel features on the basis of the available structural information, that both bioinformaticians and wet biologists can broadly exploit.
Herein, we present PoreLogo, an automatic tool to easily and effectively analyse and visualize the amino acid composition of channels in transmembrane proteins, given their 3D structure. PoreLogo generates sequence logo representations of porelining residues, the pore-logos, where amino acids are ordered geometrically along the channel axis (i.e. the axis which ideally connects the two entrances of the pore and passes through the centre of the channel). Therefore, in a pore-logo adjacent amino acids are not necessarily adjacent in the sequence, but lie adjacent in the channel. This gives an immediate view of what is in the pore, i.e. the environment experienced by the molecule/ion as it passes through the channel. Furthermore, PoreLogo is implemented to provide a visualization of the sequence conservation of pore-lining residues across families and subfamilies of transmembrane channel proteins.
If not already known, pore-lining residues can be identified automatically using PoreWalker, a recently developed method to detect and characterize channels in transmembrane proteins (Pellegrini-Calace et al., 2009) . Sequence logos are built using the versatile, fast and effective Weblogo3.0 (Crooks et al., 2004) .
PoreLogo is available as web server at the URL address http://www.ebi.ac.uk/thornton-srv/software/PoreLogo/. The user can choose among two types of pore-logo: (i) One Sequence Logo, which is derived only on the basis of the sequence corresponding to a single channel protein and (ii) Family Logo, which is derived from a multiple sequence alignment (MSA) describing the protein family, to which the channel protein belongs. It is important to highlight here that, in both cases, 3D coordinates must be available for the channel protein analysed (Fig. 1) .
In the One Sequence Logo route, only a list-file of pore-lining residues is required as input. This should be in a PoreWalker-like format, as detailed in the web server documentation. The pore-lining residues are thus ordered according to their position along the pore axis, converted into a FASTA-like sequence and fed to WebLogo3.0, which generates the corresponding graphical pore-logo.
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Fig. 1. Results of the PoreLogo analysis for the Streptomyces lividans
KcsA K+ channel [PDB-code 1k4c, (Zhou et al., 2001) ]. (A) One Sequence Logo of the protein chain C (pore-lining residues ordered along the pore axis). (B) The corresponding Family Logo, automatically derived (i.e. no MSA was provided to the programme) for 251 sequences of strict homologues. (C) visualization of the protein 3D structure generated using Pymol (www.pymol.org) with the automatic PoreLogo script .pml; porelining residues are shown as 'sticks' and coloured using the colour scheme of the pore-logo, the only exception being residues shown in black in the logos, which are dark grey in the 3D structure. Labels for the identifiers of the C, F, I and L chains are also shown.
In the Family Logo route, the user is required to provide both a listfile of pore-lining residues (as described above) and the 3D structure of the channel protein to analyse. 3D coordinates are converted by PoreLogo into a FASTA file of the corresponding sequence, which is used as a query for a strict BLAST search (E-value<10 −6 ) (Altschul et al., 1990) in the UniProt database (Apweiler et al., 2004) . BLAST hits are taken as the 'family' of the channel protein and aligned by ClustalW (Thompson et al., 2002) to obtain a MSA. If requested, users can submit their own MSA in any of the widely supported FASTA, GDE or A2M format. Subsequently, the pore-lining residues are ordered according to their location along the pore axis and the corresponding alignment positions are extracted from the MSA and reordered so that a new MSA, which describes the 'sequence' of the pore-lining residues, is generated and submitted to WebLogo3.0.
A combined PoreWalker/PoreLogo tool is also available for both the routes that, given a user-specified PDB file, automatically generates the pore-lining residues list-file by PoreWalker and submits it to PoreLogo.
PoreLogo outputs are displayed on the results HTML page and archived in a downloadable ZIP file. Outputs include: (i) a picture of the PoreLogo in a JPEG format at a resolution of 600 dpi (as in Fig. 1A and B) ; (ii) the FASTA file of the sequence/alignment used to generate the pore-logo (i.e. used as input for Weblogo3.0); (iii) a list of pore-lining residues ordered according to their position along the pore-axis; (iv) a ready-to-run Pymol script which generates a visualization of the pore-lining residues in the corresponding 3D structure and colours them according to their physico-chemical features (Fig. 1C) .
PoreLogo graphical representations are a very rapid and effective way to analyse the features of channel proteins. For example, the One Sequence Logo of the KcsA K + channel describes well the mainly hydrophobic nature of its internal pore and cavity (logo positions 7-12 and 13-17, respectively). Furthermore, the corresponding Family Logo clearly highlights, in the selectivity filter of the channel, the conservation of the well-known sequence signature TVGYG (at positions 19, 21, 23, 24 and 26, respectively) (Zhou et al., 2001) , and the poor conservation of Y82 (logo position 25) (Shealy et al., 2003) . The conservation of D80 (position 27), recently reported to be pivotal to functional conformational changes induced by scorpion toxin binding (Zachariae et al., 2008) , is also outlined.
Finally, the PoreLogo approach can straightforwardly be applied to any channel protein family and/or subfamily, provided that highly reliable 3D coordinates can be obtained for at least one member of the family. In addition, the method can be used to support the design of targeted channel mutants with modified selectivity properties, prior to functional characterization. 
